Introduction
Aging is associated with widespread brain structural modifications including atrophy and neurodegeneration of white and grey matter (Damoiseaux, 2017; Ikram et al., 2008; Yang et al., 2016) . In the last few years, diffusion tensor imaging (DTI) has been widely used to indirectly explore microstructural properties of white matter within brain tissues and constitutes a sensitive technique to describe age-related white matter microstructural changes (Sexton et al., 2014; Meike W. Vernooij et al., 2009) . Parameters quantified by DTI such as Fractional Anisotropy (FA), Mean Diffusivity (MD) and Radial Diffusivity (RD) can be used to indirectly infer changes in axonal integrity and myelination (Madden et al., 2012) . In aging population, DTI studies described a decrease in FA and an increase in MD and RD in major white matter tracts (de Groot et al., 2015; Madden et al., 2012; Vinke et al., 2018) , and these changes are associated with cognitive impairment (Arvanitakis et al., 2016; Bendlin et al., 2010; Borghesani et al., 2013; Wiseman et al., 2018) .
However, diffusion metrics within brain tissue can be affected by partial volume effects due to cerebrospinal fluid (Pasternak, Sochen, Gur, Intrator, & Assaf, 2009) , especially in the aging brain already affected by atrophy and presenting ventricles enlargement (Jbabdi & Johansen-Berg, 2011; Kurki & Heiskanen, 2018; Salminen et al., 2016; Vos, Jones, Viergever, & Leemans, 2011) . Indeed, diffusion metrics derived from DTI are indicators of tissue microstructural state as far as voxels contain only one type of tissue. When voxels contain cerebrospinal fluid (e.g. partial volume), diffusion metrics can be biased and lead to high diffusivity measures (MD, Axial Diffusivity (AD), RD) and reduced FA (Metzler-Baddeley et al., 2012; Pfefferbaum & Sullivan, 2003) . This effect has been particularly shown for fornix and corpus callosum because of their proximity to the periventricular regions (Concha, Gross, & Beaulieu, 2005, p. 20; Derek K. Jones & Cercignani, 2010; Metzler-Baddeley et al., 2012) .
To overcome this problem, Free Water Elimination (FWE) method was used to differentiate the diffusion properties of brain tissue, such as white matter bundles, and surrounding free water, such as cerebrospinal fluid (Pasternak et al., 2009; Sepehrband et al., 2019) . It has been shown that elimination of extracellular free water contamination improves the sensitivity and specificity of most measures derived from conventional DTI (Albi et al., 2017; Salminen et al., 2016; Sepehrband et al., 2019) . Although this correction techniques exist and have been used in pathological conditions (Bergamino, Kuplicki, Victor, Cha, & Paulus, 2017; Dumont et al., 2019; Ji et al., 2017; Ofori et al., 2017; Tanner et al., 2019) to date the majority of diffusion MRI studies do not consider free water effects on heathy aging brain (Albi et al., 2017; Chad, Pasternak, Salat, & Chen, 2018) . Moreover, while FWE was initially developed to correct DTI derived metrics, it has recently been shown that the extracellular free water fraction may be a sensitive marker of age-related microstructural changes (Chad et al., 2018) . Indeed, aging is associated with grey and white matter tissue loss, and the resulting enlargement of interstitial space can lead to increase in free water (unhindered) (Aboitiz, Rodriguez, Olivares, & Zaidel, 1996; Barkhof, Fox, Bastos-Leite, & Scheltens, 2011; Meier-Ruge, Ulrich, Brühlmann, & Meier, 1992; Tang, Nyengaard, Pakkenberg, & Gundersen, 1997 ).
In addition, many aging studies have not taken white matter hyperintensities (WMH) burden into account. The prevalence and severity of these white matter signal abnormalities as observed on a T2-weighted MRI scan, increase with age and more than 90% of older adults (>60 years old) exhibit WMH (Habes et al., 2016; Leeuw et al., 2001) . In older adults, WMH have been associated with a diverse set of inter-related metabolic, inflammatory and vascular factors that affect brain integrity in healthy adults (Arvanitakis et al., 2016; Habes et al., 2018; Jagust, 2013; Wiseman et al., 2018) and related to cognitive impairments, especially in memory and executive functions (Maillard et al., 2019; Svärd et al., 2017; Meike W. Vernooij et al., 2009) .
Recently, WMHs were associated with changes in white matter composition, indicative of altered water content in white matter fibers (Alber et al., 2019; Ji et al., 2017) . Moreover, several recent studies investigating the relationship between WMH and DTI parameters estimate that WMH constitute the ending stage of an histopathological continuum (Maillard et al., 2011; William Reginold et al., 2018) , with modifications of DTI parameters in normal appearing white matter may represent the early stage (Maillard et al., 2014; Maniega et al., 2015; Pelletier et al., 2015) . Furthermore, tractography studies in aging (Jiang et al., 2018; William Reginold et al., 2018) and in patients with gliomas (Leote, Nunes, Cerqueira, Loução, & Ferreira, 2018) showed a detrimental effect of WMH on fiber tracking algorithms. Despite a decreased FA in WMH, we showed that principal direction under the lesion mask seems to be preserved and coherent, and hence, the tractography algorithm should be able to explore WMHs (Theaud, Dilharreguy, Catheline, & Descoteaux, 2016 ; and see Figure 1 ). However, this FA decrease has an impact on the stopping criteria of fiber tracking algorithms and therefore lead to broken streamlines in regions of hyperintensities.
Cingulum bundle runs from the anterior to the postero-temporal part of the brain and is one of the most studied tracts (Jones, Christiansen, Chapman, & Aggleton, 2013) . However, literature about cingulum bundle changes occurring in aging is controversial with some studies reporting no difference along the cingulum (Gunbey et al., 2014; Stadlbauer, Salomonowitz, Strunk, Hammen, & Ganslandt, 2008) and others presenting alterations (Catheline et al., 2010; Ezzati, Katz, Lipton, Zimmerman, & Lipton, 2016; Jang, Kwon, Lee, Kim, & Seo, 2016) , which ones are or not associated with cognition including executive functions (Kantarci et al., 2011; Metzler-Baddeley et al., 2012; Seiler et al., 2018) and memory (Ezzati et al., 2016; Kantarci et al., 2011; Metzler-Baddeley et al., 2012; Sexton et al., 2010) . The different subdivisions of the cingulum investigated in those studies may explain the discrepancies of the literature. More importantly, most of these studies did not consider neither CSF partial effect due to atrophy nor WMH burden whereas recent tractography studies consistently showed that the atrophy-related partial volume effects (Metzler-Baddeley et al., 2012; Salminen et al., 2016) , age-related ventricle enlargement (Kurki & Heiskanen, 2018) or WMH burden (Reginold et al., 2016) , affected diffusion metrics of cingulum in healthy older adults. In particular, Reginold and colleagues reported higher RD of cingulum tracts that crossed WMH compared with tracts not passing through WMH (Reginold et al., 2016 ; see also Kurki & Heiskanen, 2018) . Thereby, these studies suggest that atrophy as well as WMH burden might affect cingulum diffusion metrics and these latters could constitute source of significant bias in white matter analyzes of cingulum and its distinctive roles with cognitive functions in aging.
In this study, we tested the prediction that WMHs accounting and free water elimination would provide more accurate white matter diffusion metrics and better characterize the microstructural changes of cingulum during aging. For this, the cingulum bundle was reconstructed with a tractography pipeline that includes a manually curated WMH mask applied in the native space of subjects to limit their negative effect on fiber tracking algorithms. In two groups of older individuals presenting a high or a low WMH burden, we firstly described the commonly used DTI metrics of the cingulum bundle when they either derived from the conventional tensor DTI model or the bi-tensor FWE diffusion model. Secondly, we explored the association of these parameters with cognitive changes evaluated over 12 years. Because cingulum is usually associated with executive functions and memory (Bathelt, Johnson, Zhang, & Astle, 2019; Bubb, Metzler-Baddeley, & Aggleton, 2018) , we used the Isaacs Set Test, a widely used test of verbal fluency, involving semantic memory and executive functioning to assess the impact of free water elimination on association between cingulum diffusion metrics and cognitive functions.
Methods

Dataset
Participants have been selected from the Bordeaux sample of the Three-City study (3C Study Group, 2003) , an ongoing longitudinal multicenter population-based elderly cohort designed to evaluate risk factors of dementia.
The study protocol was approved by the ethics committee of Kremlin-Bicêtre University Hospital (Paris, France), and all participants provided written informed consent. At baseline, subjects were non-institutionalized, randomly recruited from electoral lists, and were at least 65-years old. Since the 1999-2000 baseline inclusion, an extended neuropsychological assessment was administered by trained psychologists at each follow-up occurring at 2, 4, 7, 10 and 12 years. MRI scans have been performed at the 10-year follow-up. Based on the terciles of the WMH volumes, we identified 27 subjects with a high level of WMH (upper tercile) and 27 subjects with a low level of WMH (lower tercile). Because of cerebral atrophy, cingulum reconstruction failed for 5 subjects in the low WMH group and 4 subjects in the high WMH group. Finally, a total of 45 subjects were included in the present study. All participants were right-handed, had a Mini Mental State Examination (MMSE) score > 24 and were free of dementia and brain pathologies such as stroke and meningioma.
Cognitive and clinical variables
For this study, we used the MMSE to control for global cognitive function and the Isaacs Set Test (IST, Isaacs & Kennie, 1973) to assess verbal fluency. To evaluate cognitive changes over 12 years, participant's specific slope for IST score was estimated using a linear mixed model with time as a continuous variable, random intercept and slope. For the IST, one score was used corresponding to the number of words named at 15-second. In addition, several clinical variables were also collected: depressive symptoms evaluated with the Center for Epidemiologic Studies-Depression scale (CESD, Radloff, 1977) , vascular risk factors including hypertension defined as blood pressure > 140/90 mm Hg or anti-hypertensive medication, diabetes defined as glycemia > 7 mmol/l or antidiabetics medication, and body mass index (BMI).
MRI acquisition
MRI examinations were performed using a 3T Achieva system (Philips Medical Systems, The Netherlands) equipped with a 8-channel SENSE head coil. Head motions were minimized by using a tightly padded clamps attached to the head coil. For each subject, anatomical and diffusion images were obtained. All acquisitions were aligned on the anterior commissure-posterior commissure plan. Anatomical MRI volumes were acquired using a 3D magnetization-prepared rapid gradient-echo (MPRAGE) T1-weighted sequence with the following parameters: repetition time (TR)/ echo time (TE) = 8.2 ms/3.5 ms, flip angle 7°, field of view (FOV) 256x256 mm 2 , 180 slices of 1 mm of thickness, voxel size 1x1x1 mm 3 . Fluid-attenuated inversion recovery (FLAIR) images were also obtained with the following parameters: TR=11000 ms; TE=140 ms, inversion time = 2800 ms, 90-degree flip angle, FOV 230x172 mm 2 , 24 slices of 5 mm of thickness, voxel size 0.72x1.20x5 mm 3 . Diffusion weighted images were acquired using a spin echo single shot EPI sequence composed of one b0 map (b-value=0 s/mm 2 ) follow by 21 diffusion gradients maps (b-value=1000s/mm 2 ) homogenously spread over a half sphere and the 21 opposite directions spread over the opposite half sphere. To increase signal-to-noise ratio, a second series of two b0 and 42 DWI volumes was acquired. Sixty axial slices were acquired with the following parameters: TR= 9700 ms, TE= 60 ms, flip angle 90°, FOV 224×224 mm 2 , 60 slices, no gap and voxel size 2x2x2 mm 3 .
MRI preprocessing
Diffusion MRI preprocessing
Diffusion MRI images were pre-processed using FMRIB's Diffusion toolbox (Behrens, Berg, Jbabdi, Rushworth, & Woolrich, 2007; Behrens et al., 2003) in order to produce individual FA, MD, AD and RD maps in native space. For the diffusion MRI preprocessing, the processing steps are similar than the steps in TractoFlow pipeline described in Theaud et al., 2019 . For each subject, dMRI images were co-registered to the b0 reference image with an affine transformation and were corrected for motion and eddy current distortions.
Brain Extraction Tool (BET, Smith, 2002) was applied to eliminate non-brain voxels. Diffusion MRI images was denoised using the non-local mean denoising method (Descoteaux, Wiest-Daesslé, Prima, Barillot, & Deriche, 2008) . Successive dMRI runs were then averaged for each participant to increase signal-to-noise ratio. The fiber Orientation Distribution Functions (fODF) was computed using the spherical constrained deconvolution (Descoteaux, Angelino, Fitzgibbons, & Deriche, 2007; Tournier, Calamante, & Connelly, 2007) . Finally, Free Water Elimination (FWE, Pasternak et al., 2009 ) was used to estimate and remove the free water components from diffusion images. Briefly, FWE is a method which fits a bi-tensor model within each voxel to separate changes affecting the extracellular space, defining as an isotropic diffusion, from those reflecting intracellular processes . The FW-corrected DTI maps were called FA tissue (FAt), RDt, ADt and MDt.
White Matter Hyperintensity segmentation
White matter hyperintensity volumes were automatically segmented by the lesion growth algorithm implemented in the Lesion Segmentation Tool (LST, v2.0; Schmidt et al., 2012) for SPM12. For each participant, T1weighted image was used to generate partial volume estimation and three tissue probability maps (grey matter, white matter and cerebrospinal fluid). Then, each FLAIR image was co-registered on the corresponding T1 image to compute lesion belief maps for the three tissue classes. These maps were finally summed up and a lesion growth model with a pre-chosen initial threshold (κ = 0.3) was applied to create lesion maps in native space. Visual inspection of the lesion probability maps was performed and WMH volumes were extracted, normalized by white matter volume and log transformed.
Cingulum tractography
For each participant, a local tracking with twenty seeds per voxels was performed using fODF map. The seeding and tracking mask were modified to include the WMH mask as previously described (Theaud et al., 2016) ( Figure 2 ). Next, the left and right cingulum bundles were extracted using the RecoBundles approach (Garyfallidis et al., 2018) (Figure 3 ), and visually inspected using MI-Brain (http://www.imeka.ca/mi-brain, (Rheault, Houde, & Descoteaux, 2017) .
Cingulum metrics
Cingulum diffusion metrics including FA, MD, RD and AD were extracted before and after FW-correction.
After FW-correction, the free water value was also extracted. Metrics of the left and right cingulum were then averaged. The volume of WMH burden within the cingulum was estimated by crossing the WMH mask with the cingulum bundle.
To evaluate changes in diffusion metrics after FW-correction, we determined a percentage of metrics change (% change) for each participant by computing the difference between the metric value before and after FW- To evaluate the effects of FW-correction on cingulum diffusion metrics relative to those estimated by the conventional DTI, we first performed a within group effect using a paired sample Wilcoxon's test. Then, we evaluated how these corrections affect the between group differences using a Mann-Whitney U-test for independent samples. To ensure that between group difference was not led by age, linear regression model was performed with diffusion metrics (DTI or FW-corrected metrics) as dependent variables and group and age as independent variables. For free water value, the differences in cingulum free water value between the two groups was assessed using a Mann-Whitney U-test for independent samples. Partial Spearman's correlations controlling for age, cingulum white matter and WMH volume within cingulum were also performed within each group before and after FW-correction to describe to what extent the FW-correction affect the associations between metrics of the cingulum bundle and changes in verbal fluency. This model of partial Spearman's correlation was also used to examine the relationship between free water content and changes in verbal fluency within each group. As diabetes and hypertension were significantly associated with cingulum diffusion metrics (see Table 1 supplementary material), we also performed partial Spearman's correlations controlling for diabetes and hypertension.
A false discovery rate (FDR) multiple-comparison correction method was systematically applied for each analysis. Results were considered significant for p<0.05, FDR corrected (Benjamini & Hochberg, 1995) .
All statistical analyses were performed using IBM SPSS Statistics v.23 software (IBM Corporation, Armonk, NY, USA).
Results
Sample characteristics
Characteristics of participants are presented in and high WMH: 4.9 cm 3 , [1.9], p > 0.05). Diabetes and hypertension were significantly associated with cingulum diffusion metrics but not the depressive symptoms nor the BMI (see Table 1 supplementary material).
Effect of FW-correction on conventional DTI parameters and free water content
Within-group differences for the cingulum diffusion metrics
Cingulum diffusion metrics for the low and high WMH groups are presented in Table 2 . After FW-correction, the low WMH group presented a median increase of 7.79 % of FAt (z=-3.15, p=0.029, effect of size r = -0.46) and a median decrease of 1.80 % of MDt (z =-2.86, p=0.023, r=-0.42), 1.33% of ADt (z =-1.46, p=0.030; r=-0.21) and 3.24% of RDt (z =-3.32, p=0.014, r=-0.48). Similar results were observed for the high WMH group for FAt (median increase of 7.15%, z =-3.27, p=0.021, r=-0.47) and MDt (median decrease of 1.75%, z =-2.95, p=0.020, r=-0.43), ADt (median decrease of 1.51%, z = -1.41, p=0.032, r=-0.20) and RDt (median decrease of 3.48%, z =-3.38, p=0.012, r=-0.49) after FW-correction.
Between-group differences for the cingulum diffusion metrics
Before FW-correction, only RD values were significantly different between the two groups (U=196, p=0.04, Table 2 ). In contrast after FW-correction, high WMH subjects presented lower FAt (U=246, p = 0.031, Table 2 , Figure 4c ), higher MDt (U = 242, p = 0.023, Table 2, Figure 4d ) and RDt (U = 201, p = 0.01, Table 2, Figure 4e ) compared to the low WMH group. No significant difference was observed for ADt (U=306; p=0.28, Table 2, Figure 4f ). In linear regression model adjusted for age, a significant group effect was still found for FAt (β = -0.305, p=0.039, R 2 =0.1), MDt (β = 0.322, p=0.037, R 2 =0.09) and RDt (β = 0.408, p=0.015, R 2 =0.128).
Between-group differences for the cingulum free water content
A non-zero value of free water fraction within the cingulum bundle was observed in both groups (0.136 versus 0.142 for low and high group respectively, Table 2 ) that showed no significant group difference (U=300; p=0.25, Table 2 , Figure 4g ).
Relationships between cingulum diffusion metrics and verbal fluency
Associations with DTI conventional metrics
Only one significant association was observed between DTI conventional metric and cognitive changes. In high WMH group, lower FA value was associated with IST decline at 15 seconds in a model adjusted for age, cingulum WMH and white matter volumes (p < 0.05, Table 3 ). When the models were adjusted for cardiovascular confounding variables (i.e. diabetes and hypertension), conventional DTI cingulum diffusion metrics remained significantly associated with IST changes at 15 seconds (Partial spearman rho coefficient, for FA ρ = -0.245; p=0.044, FDR corrected)
Associations with FW-corrected metrics
After FW-correction, cingulum diffusion metrics were more strongly associated with changes in IST score than before FW-correction. For low WMH group, high values of ADt was associated with IST decline at 15 seconds in a model adjusted for age, cingulum WMH and white matter volumes (p < 0.05, Table 3 ). For high WMH group, high values of RDt and low values of FAt were both strongly associated with IST decline at 15 seconds in a model adjusted for age, cingulum WMH and white matter volumes (p < 0.05, Table 3 ).
When the models were adjusted for cardiovascular confounding variables, FW-corrected cingulum diffusion metrics remained significantly associated with IST changes at 15 seconds in both the low WMH group (Partial spearman rho coefficient, for ADt ρ = -0.251; p=0.039) and high WMH group (Partial spearman rho coefficient, for FAt: ρ = 0.310, p=0.036; for RDt: ρ = -0.302, p=0.037).
Association with cingulum free water content
Whatever the WMH burden, high value of free water was associated with changes in IST score at 15 seconds in a model adjusted for age, cingulum WMH and white matter volumes (p < 0.05, Table 3 ). When the models were adjusted for cardiovascular confounding variables, (i.e. Diabetes and hypertension), free water associations remained significant both in low WMH group (Partial spearman coefficient, ρ = -0.278; p=0.035) and high WMH group (Partial spearman coefficient, ρ -0.315; p = 0.031, p FDR-corrected).
Discussion
In this study, we examined the effect of the free water elimination on conventional DTI measures of white matter within the cingulum tract in subjects presenting unequal WMH burden. We first investigated whether applying a FW-correction improved the sensitivity of conventional DTI metrics to detect white matter alterations within the cingulum tract. The effect of this correction on the association between cingulum diffusion metrics and cognitive evolution over 12 years was then determined. In our group of 45 older individuals, FW-correction significantly impacted all conventional DTI metrics. Compared to the low WMH group, in addition to RDt difference, FWcorrection revealed additional differences for FAt and MDt within the cingulum bundle in subjects with high WMH burden. We observed significant associations between these FW-corrected cingulum diffusion metrics and longitudinal changes in verbal fluency performance at 15 seconds. Finally, we showed a non-null free water fraction in the cingulum bundle, which was associated to the verbal fluency performance at 15 seconds, whatever the WMH burden.
Free water elimination effect
In accordance with recent findings in young (Sepehrband et al., 2019) , older adults (Chad et al., 2018) and clinical samples (Bergamino, Pasternak, Farmer, Shenton, & Paul Hamilton, 2016; Ji et al., 2017) , FWcorrection was associated with an increase in FA, and a decrease in diffusion metrics (MD, RD and AD) in both groups. These changes of DTI metrics after elimination of the free water compartment suggested not only a nonzero volume of the extracellular water (Hoy, Kecskemeti, & Alexander, 2015; Ji et al., 2017; Madden et al., 2012; Pasternak et al., 2009 ), but also indicate that white matter microstructural changes were less pronounced than previously suggested by conventional DTI metrics (Bennett & Madden, 2014; Bennett et al., 2017; Lockhart & DeCarli, 2014; Pelletier et al., 2015) .
In our results based on conventional DTI, between-group difference showed that subjects with high WMH burden exhibited higher RD values in the cingulum bundle compared to the low WMH group. The elimination of the free water content revealed additional differences between the two groups including higher
MDt and lower FAt values in subjects with a high WMH burden, independently of age. In line with this, FWcorrection also revealed significant associations in both groups between the FW-corrected cingulum metrics (FAt, MDt and RDt) and cognitive decline that could not be fully observed without considering free water. This suggests that free water affect group differences as well as associations between conventional DTI measures and changes in verbal fluency in older subjects. We assumed that this free water effect could partly explain the controversial results of the literature regarding the role of cingulum in cognition. Therefore, our results support previous studies reporting that the elimination of the free water enabled better estimation of tissue-specific indices which were more sensitive to microstructural changes than the measures derived from conventional DTI (Albi et al., 2017; Dumont et al., 2019; Hoy et al., 2015; Lyall et al., 2018; Madden et al., 2012) .
Free water content
In our group of elderly participants, we observed a non-zero value of free water fraction in the cingulum bundle that showed no difference according to the WMH groups. This suggests that free water fraction was unaffected by the WMH burden, supporting previous studies (Dumont et al., 2019; Ji et al., 2017) but in contrast to others (Maillard et al., 2019; Promjunyakul et al., 2016) emphasizing the need for additional studies. Moreover, this non-zero value of free water suggests that despite its distance from the ventricles there is an accumulation of free water in the extracellular space within the cingulum bundle. This is consistent with recent studies reporting a fraction of free water on whole white matter in the elderly (Albi et al., 2017; Chad et al., 2018; Papadaki et al., 2019) . In addition, in our subjects no association between free water fraction within cingulum and CSF volumes was found (data not shown), while a negative association between free water fraction and cingulum volume was observed (i.e. higher free water with low cingulum volume). This suggest that non-zero free water value could be due to atrophy-related process and not to the CSF contamination in our subjects (Oestreich et al., 2016; Wang et al., 2011) .
Furthermore, higher free water fraction within cingulum bundle was strongly associated with changes in verbal fluency performance, regardless of WMH burden and other confounding factors. The Isaacs set test is a multi-composite test involving executive processing strategy allowing efficient search within the semantic stores (Amieva et al., 2008; Catheline et al., 2015) . The observed association is consistent with previous studies that evidenced the involvement of the cingulum bundle in executive functioning (Bettcher et al., 2016; Gyebnár et al., 2018; Metzler-Baddeley et al., 2012; Seiler et al., 2018) and with studies showing that higher free water fraction was associated with poorer cognitive performance in older adults (Maillard et al., 2019) and in clinical populations (Bergamino et al., 2017; Ji et al., 2017 Ji et al., , 2019 Maillard et al., 2017) . Indeed, in a recent longitudinal study on 224 elderly subjects, Maillard and colleagues showed that free water increased was not only associated with reduced performance in executive function but was also the most robust predictor of cognitive decline (Maillard et al., 2019) . Ji and colleagues showed in sample of 85 subjects with Alzheimer's Disease or vascular dementia that high free water fraction was associated with the symptom severity (Clinical Dementia Rating) and poor cognitive performance (Ji et al., 2017) . Together, these results and ours support the idea that beyond the elimination of CSF contamination, free water would provide additional structural information as an index of physiological tissue changes within the white matter (Chad et al., 2018; Hoy et al., 2015 Hoy et al., , 2017 . However, the underlying microcellular events associated to this index is far from being fully understood; its increase could be related to different pathophysiological processes such as microvascular degeneration (Ji et al., 2017; Rydhög et al., 2017) , reduction in myelin content (Oestreich et al., 2016; Papadaki et al., 2019) or modulation of the permeability of the blood-brain barrier .
White matter hyperintensities burden effect
In agreement with previous studies (Reginold et al., 2016; Svärd et al., 2017; , WMH burden was associated with a lower FA and higher diffusion metrics of the cingulum bundle, even though we considered the whole WMH burden and not their location. Interestingly, in high WMH group we showed that only 4% of the cingulum crossed areas with WMH lesions (Leeuw et al., 2001; Yoshita et al., 2006) . This suggests that despite this weak direct impact, WMH burden may contribute at least in part to the modifications observed in the high WMH group. In accordance, recent tractography studies have shown that cingulum tract crossing WMH compared to tract not crossing showed changes in the diffusion measures, in particular increase of RD (Reginold et al., 2016) , and suggested that these modifications could extend beyond the lesion to the unaffected portion by the WMHs (Maillard et al., 2014; Promjunyakul et al., 2016; Reginold et al., 2018) . Moreover, previous DTI studies reported that WMH were associated with white matter microstructure modifications occurring in the normal-appearing white matter (Leritz et al., 2014; Maillard et al., 2014; Pelletier et al., 2015; Promjunyakul et al., 2016) , indicating that individuals with higher WMH burden were more susceptible to present lower FA (Birdsill et al., 2014; Sala et al., 2012; Svärd et al., 2017) and higher diffusion metrics (Iverson et al., 2011; Lange et al., 2014; Pelletier et al., 2015; Svärd et al., 2017) . Taken together these results suggest that small focal WMH burden have local and distal effects large enough to affect the white matter diffusion properties on the whole cingulum tract and as a result can impact cognition.
Moreover, depending on the WMH burden, changes in verbal fluency were associated with different diffusion metrics. These results suggest that two types of physiological process could account for decline in verbal fluency in elderly according to the presence or not of WMH. In low WMH group ADt values are associated to verbal fluency decline, whereas in high WMH group lower FAt was associated with higher changes in verbal fluency at 15 seconds, in conjunction with higher RDt, without changes in ADt (see supplementary material). This latter diffusion pattern has been described in animal studies as predominantly reflecting myelin-specific effect (Song et al., 2003; Sun et al., 2005) . Moreover, in human post-mortem studies, RD increase in multiple sclerosis patients was correlated with demyelination severity (Klawiter et al., 2011; Schmierer et al., 2008) . This suggest a myelinspecific change within cingulum bundle, rather than axonal damage (Madden et al., 2012; , which would be related to change in verbal fluency (Peters, 2002) . Yet, it is difficult to interpret the microstructural properties based on DTI indices alone and the link to neurobiology support stills incomplete (Madden et al., 2012; Maier-Hein et al., 2017) .
Some methodological limitations have to be considered in interpreting our data. First, this study was based on a moderate sample size of healthy elderly participants. However, our population exhibited sufficient inter-individual variability in structural parameters and cognitive performances to detect associations between theses parameters. Second, the cingulum bundle was considered here as a single entity despite that this complex network structure, contains not only long fibers that potentially extend to the frontal and temporal lobes, but also short association fibers connecting adjacent cortices (Bubb et al., 2018; Catani & Thiebaut de Schotten, 2008; Lawes et al., 2008) . Finally, the current study was based on diffusion MRI data that was acquired with a single b-value. Thus, the algorithm used to fit the free water imaging model involved spatial regularization of the data which decreases intra-group variability (Pasternak et al., 2009) , and may hide subtle spatial features. Although comparable results using single-and multi-shell acquisitions have been reported (Pasternak, Shenton, & Westin, 2012) , more advanced acquisitions that include multi b-values could further increase the accuracy of the free water model (Hoy et al., 2015; Pasternak, Shenton, et al., 2012) .
Conclusion
To conclude, in the present study we showed that FW-correction improved the sensitivity of conventional DTI metrics to age-related tissue changes. We also emphasized the importance to consider WMH burden in aging study. The FW-correction improve the sensitivity to detect associations between tissue specific diffusion metrics and changes in verbal fluency in older individuals. Moreover, free water value per se seems to be a relevant metric for age-related modifications within the white matter tissue. Therefore, these observations suggest the importance of using the free water compartment for DTI metrics in aging. 
Funding
Compliance with ethical standards
Conflict of interest The authors declare that they have no conflict of interest.
Studies involving human participants
All procedures were conducted with approval from the ethics committee of Kremlin Bicêtre Hospital (Paris, France)
Informed consent All participants provided written informed consent for participation in this study.
Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable request. Figure 1 . In yellow the white matter hyperintensity (WMH) lesion. In A, the peak directions extracted from the fODF are not impacted by the WMH. In B, the lesion doesn't impact the reconstruction of the Corpus Callusum tracts. 
Tables
Figures Legends
